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METHOD AND SYSTEM FOR DIMIENSIONAL 
UNIFORMITY USING CHARGED PARTICLE 

BEAM LITHOGRAPHY 

RELATED APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
Patent Application Ser. No. 61/724.232 filed on Nov. 8, 2012 
and entitled “Method and System For Improving Critical 
Dimension Uniformity Using Shaped Beam Lithography: 
and is related to Fujimura, U.S. patent application Ser. No. 

entitled “Method and System For Dimensional Uni 
formity Using Charged Particle Beam Lithography.” (Attor 
ney Docket No. D2SiPO44) filed on even date herewith; both 
of which are hereby incorporated by reference for all pur 
poses. 

BACKGROUND OF THE DISCLOSURE 

0002. In the production or manufacturing of semiconduc 
tor devices, such as integrated circuits, optical lithography 
may be used to fabricate the semiconductor devices. Optical 
lithography is a printing process in which a lithographic mask 
or photomask manufactured from a reticle is used to transfer 
patterns to a Substrate Such as a semiconductor or silicon 
wafer to create the integrated circuit (I.C.). Other substrates 
could include flat panel displays, holographic masks or even 
other reticles. While conventional optical lithography uses a 
light Source having a wavelength of 193 nm, extreme ultra 
violet (EUV) or X-ray lithography are also considered types 
of optical lithography in this application. The reticle or mul 
tiple reticles may contain a circuit pattern corresponding to an 
individual layer of the integrated circuit, and this pattern can 
be imaged onto a certain area on the Substrate that has been 
coated with a layer of radiation-sensitive material known as 
photoresist or resist. Once the patterned layer is transferred 
the layer may undergo various other processes such as etch 
ing, ion-implantation (doping), metallization, oxidation, and 
polishing. These processes are employed to finish an indi 
vidual layer in the substrate. If several layers are required, 
then the whole process or variations thereof will be repeated 
for each new layer. Eventually, a combination of multiples of 
devices or integrated circuits will be present on the substrate. 
These integrated circuits may then be separated from one 
another by dicing or sawing and then may be mounted into 
individual packages. In the more general case, the patterns on 
the Substrate may be used to define artifacts such as display 
pixels, holograms, directed self-assembly (DSA) guard 
bands, or magnetic recording heads. Conventional optical 
lithography writing machines typically reduce the photomask 
pattern by a factor of four during the optical lithographic 
process. Therefore, patterns formed on the reticle or mask 
must be four times larger than the size of the desired pattern 
on the substrate or wafer. 
0003. In the production or manufacturing of semiconduc 
tor devices, such as integrated circuits, non-optical methods 
may be used to transfer a pattern on a lithographic mask to a 
Substrate such as a silicon wafer. Nanoimprint lithography 
(NIL) is an example of a non-optical lithography process. In 
nanoimprint lithography, a lithographic mask pattern is trans 
ferred to a surface through contact of the lithography mask 
with the surface. 
0004. In the production or manufacturing of semiconduc 
tor devices. Such as integrated circuits, maskless direct write 
may also be used to fabricate the semiconductor devices. 
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Maskless direct write is a printing process in which charged 
particle beam lithography is used to transfer patterns to a 
Substrate Such as a semiconductor or silicon wafer to create 
the integrated circuit. Other substrates could include flat 
panel displays, imprint masks for nano-imprinting, or even 
reticles. Desired patterns of a layer are written directly on the 
surface, which in this case is also the substrate. Once the 
patterned layer is transferred the layer may undergo various 
other processes such as etching, ion-implantation (doping), 
metallization, oxidation, and polishing. These processes are 
employed to finish an individual layer in the substrate. If 
several layers are required, then the whole process or varia 
tions thereofwill be repeated for each new layer. Some of the 
layers may be written using optical lithography while others 
may be written using maskless direct write to fabricate the 
same Substrate. Eventually, a combination of multiples of 
devices or integrated circuits will be present on the substrate. 
These integrated circuits are then separated from one another 
by dicing or sawing and then mounted into individual pack 
ages. In the more general case, the patterns on the Surface may 
be used to define artifacts such as display pixels, holograms or 
magnetic recording heads. 
0005. Two common types of charged particle beam lithog 
raphy are variable shaped beam (VSB) and character projec 
tion (CP). These are both sub-categories of shaped beam 
charged particle beam lithography, in which a precise elec 
tronbeam is shaped and steered so as to expose a resist-coated 
Surface. Such as the Surface of a wafer or the Surface of a 
reticle. In VSB, these shapes are simple shapes, usually lim 
ited to rectangles of certain minimum and maximum sizes 
and with sides which are parallel to the axes of a Cartesian 
coordinate plane (i.e. of "manhattan' orientation), and 45 
degree right triangles (i.e. triangles with their three internal 
angles being 45 degrees, 45 degrees, and 90 degrees) of 
certain minimum and maximum sizes. At predetermined 
locations, doses of electrons are shot into the resist with these 
simple shapes. The total writing time for this type of system 
increases with the number of shots. In character projection 
(CP), there is a stencil in the system that has in it a variety of 
apertures or characters which may be complex shapes such as 
rectilinear, arbitrary-angled linear, circular, nearly circular, 
annular, nearly annular, oval, nearly oval, partially circular, 
partially nearly circular, partially annular, partially nearly 
annular, partially nearly oval, or arbitrary curvilinear shapes, 
and which may be a connected set of complex shapes or a 
group of disjointed sets of a connected set of complex shapes. 
An electron beam can be shot through a character on the 
stencil to efficiently produce more complex patterns on the 
reticle. In theory, such a system can be faster than a VSB 
system because it can shoot more complex shapes with each 
time-consuming shot. Thus, an E-shaped pattern shot with a 
VSB system takes four shots, but the same E-shaped pattern 
can be shot with one shot with a character projection system. 
Note that VSB systems can be thought of as a special (simple) 
case of character projection, where the characters are just 
simple characters, usually rectangles or 45-45-90 degree tri 
angles. It is also possible to partially expose a character. This 
can be done by, for instance, blocking part of the particle 
beam. For example, the E-shaped pattern described above can 
be partially exposed as an F-shaped pattern or an I-shaped 
pattern, where different parts of the beam are cut off by an 
aperture. This is the same mechanism as how various sized 
rectangles can be shot using VSB. In this disclosure, partial 
projection is used to mean both character projection and VSB 
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projection. Shaped beam charged particle beam lithography 
may use either a single shaped beam, or may use a plurality of 
shaped beams simultaneously exposing the Surface, the plu 
rality of shaped beams producing a higher writing speed than 
a single shaped beam. 
0006. As indicated, in lithography the lithographic mask 
or reticle comprises geometric patterns corresponding to the 
circuit components to be integrated onto a Substrate. The 
patterns used to manufacture the reticle may be generated 
utilizing computer-aided design (CAD) Software or pro 
grams. In designing the patterns the CAD program may fol 
low a set of pre-determined design rules in order to create the 
reticle. These rules are set by processing, design, and end-use 
limitations. An example of an end-use limitation is defining 
the geometry of a transistor in a way in which it cannot 
Sufficiently operate at the required Supply Voltage. In particu 
lar, design rules can define the space tolerance between circuit 
devices or interconnect lines. The design rules are, for 
example, used to ensure that the circuit devices or lines do not 
interact with one another in an undesirable manner. For 
example, the design rules are used so that lines do not get too 
close to each otherina way that may cause a short circuit. The 
design rule limitations reflect, among other things, the Small 
est dimensions that can be reliably fabricated. When referring 
to these Small dimensions, one usually introduces the concept 
of a critical dimension. These are, for instance, defined as the 
smallest width of a line or the smallest space between two 
lines, those dimensions requiring exquisite control. 
0007. One goal in integrated circuit fabrication by optical 
lithography is to reproduce the original circuit design on the 
substrate by use of the reticle. Integrated circuit fabricators 
are always attempting to use the semiconductor wafer real 
estate as efficiently as possible. Engineers keep shrinking the 
size of the circuits to allow the integrated circuits to contain 
more circuit elements and to use less power. As the size of an 
integrated circuit critical dimension is reduced and its circuit 
density increases, the critical dimension of the circuit pattern 
or physical design approaches the resolution limit of the 
optical exposure tool used in conventional optical lithogra 
phy. As the critical dimensions of the circuit pattern become 
Smaller and approach the resolution value of the exposure 
tool, the accurate transcription of the physical design to the 
actual circuit pattern developed on the resist layer becomes 
difficult. To further the use of optical lithography to transfer 
patterns having features that are smaller than the light wave 
length used in the optical lithography process, a process 
known as optical proximity correction (OPC) has been devel 
oped. OPC alters the physical design to compensate for dis 
tortions caused by effects such as optical diffraction and the 
optical interaction of features with proximate features. OPC 
includes all resolution enhancement technologies performed 
with a reticle. 

0008 Inverse lithography technology (ILT) is one type of 
OPC technique. ILT is a process in which a pattern to be 
formed on a reticle is directly computed from a pattern which 
is desired to be formed on a substrate such as a silicon wafer. 
This may include simulating the optical lithography process 
in the reverse direction, using the desired pattern on the Sub 
strate as input. ILT-computed reticle patterns may be purely 
curvilinear—i.e. completely non-rectilinear—and may 
include circular, nearly circular, annular, nearly annular, oval 
and/or nearly oval patterns. Since these ideal ILT curvilinear 
patterns are difficult and expensive to form on a reticle using 
conventional techniques, rectilinear approximations or recti 
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linearizations of the ideal curvilinear patterns may be used. 
The rectilinear approximations decrease accuracy, however, 
compared to the ideal ILT curvilinear patterns. Additionally, 
if the rectilinear approximations are produced from the ideal 
ILT curvilinear patterns, the overall calculation time is 
increased compared to ideal ILT curvilinear patterns. In this 
disclosure ILT, OPC, source mask optimization (SMO), and 
computational lithography are terms that are used inter 
changeably. 
0009. There are a number of technologies used for form 
ing patterns on a reticle, including using optical lithography 
or charged particle beam lithography. The most commonly 
used system is the variable shaped beam (VSB), where, as 
described above, doses of electrons with simple shapes such 
as manhattan rectangles and 45-degree right triangles expose 
a resist-coated reticle Surface. In conventional mask writing, 
the doses or shots of electrons are designed to avoid overlap 
wherever possible, so as to greatly simplify calculation of 
how the resist on the reticle will register the pattern. Similarly, 
the set of shots is designed so as to completely cover the 
pattern area that is to be formed on the reticle. U.S. Pat. No. 
7.754,401, owned by the assignee of the present patent appli 
cation and incorporated by reference for all purposes, dis 
closes a method of mask writing in which intentional shot 
overlap for writing patterns is used. When overlapping shots 
are used, charged particle beam simulation can be used to 
determine the pattern that the resist on the reticle will register. 
Use of overlapping shots may allow patterns to be written 
with reduced shot count. U.S. Pat. No. 7,754,401 also dis 
closes use of dose modulation, where the assigned dosages of 
shots vary with respect to the dosages of other shots. The term 
model-based fracturing is used to describe the process of 
determining shots using the techniques of U.S. Pat. No. 7,754, 
4O1. 

SUMMARY OF THE DISCLOSURE 

0010. A method for mask process correction or forming a 
pattern on a resist-coated reticle using charged particle beam 
lithography is disclosed, where the reticle is to be used in an 
optical lithographic process to form a pattern on a wafer, 
where the sensitivity of the wafer pattern is calculated with 
respect to changes in dimension of the reticle pattern and 
where the pattern exposure information is modified to 
increase edge slope of the reticle pattern where sensitivity of 
the wafer pattern is high. 
0011. A method for fracturing or mask data preparation is 
also disclosed, where pattern exposure information is deter 
mined that can form a pattern on a resist-coated reticle using 
charged particle beam lithography, where the reticle is to be 
used in an optical lithographic process to form a pattern on a 
wafer, and where the sensitivity of the wafer pattern is calcu 
lated with respect to changes in dimension of the reticle 
pattern. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 FIG. 1 illustrates an example of a variable shaped 
beam (VSB) charged particle beam system; 
0013 FIG. 2 illustrates examples of patterns formed using 
various sized VSB shots, and the cross sectional dosage for 
each pattern; 
0014 FIG. 3 illustrates a graph of mask critical dimension 
(CD) error as a function of dosage variation, for mask features 
of different sizes; 
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0015 FIG. 4 illustrates an exemplary conceptual flow dia 
gram for calculating the sensitivity of a wafer CD with respect 
the dosage variation of charged particle beam shots used to 
write the mask pattern used to form the wafer pattern; 
0016 FIG. 5 illustrates a conceptual flow diagram of a 
method for mask data preparation in one embodiment; 
0017 FIG. 6 illustrates a conceptual flow diagram of a 
method for mask process correction in one embodiment; 
0018 FIG. 7A illustrates an example of a set of conven 
tional shots that may be used to form a circular pattern Such as 
a sub-100 nm pattern; 
0019 FIG. 7B illustrates an example of a set of overlap 
ping shots that may be used to form a circular pattern accord 
ing to an embodiment of the current disclosure; 
0020 FIG. 8 illustrates an exemplary computing hardware 
device used in embodiments of the methods; and 
0021 FIG. 9 illustrates an exemplary conceptual flow dia 
gram for calculating the sensitivity of a wafer pattern dimen 
sion with respect to changes in a mask pattern dimension. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

0022. The present disclosure is related to lithography, and 
more particularly to the design and manufacture of a Surface 
which may be a reticle, a wafer, or any other Surface, using 
charged particle beam lithography. 
0023 Referring now to the drawings, wherein like num 
bers refer to like items, FIG. 1 illustrates an embodiment of a 
lithography system, Such as a charged particle beam writer 
system, in this case an electron beam writer system 10, that 
employs a variable shaped beam (VSB) to manufacture a 
surface 12. The electron beam writer system 10 has an elec 
tronbeam source 14 that projects an electron beam 16 toward 
an aperture plate 18. The plate 18 has an aperture 20 formed 
therein which allows the electron beam 16 to pass. Once the 
electron beam 16 passes through the aperture 20 it is directed 
or deflected by a system of lenses (not shown) as electron 
beam 22 toward another rectangular aperture plate or stencil 
mask 24. The stencil 24 has formed therein a number of 
openings or apertures 26 that define various simple shapes 
Such as rectangles and triangles. Each aperture 26 formed in 
the stencil 24 may be used to form a pattern in the surface 12 
of a substrate 34, such as a silicon wafer, a reticle or other 
substrate. An electron beam 30 emerges from one of the 
apertures 26 and passes through an electromagnetic or elec 
trostatic reduction lens 38, which reduces the size of the 
pattern emerging from the aperture 26. In commonly avail 
able charged particle beam writer systems, the reduction fac 
tor is between 10 and 60. The reduced electron beam 40 
emerges from the reduction lens 38 and is directed by a series 
of deflectors 42 onto the surface 12 as a pattern 28. The 
surface 12 is coated with resist (not shown) which reacts with 
the electron beam 40. The electron beam 22 may be directed 
to overlap a variable portion of an aperture 26, affecting the 
size and shape of the pattern 28. Blanking plates (not shown) 
are used to deflect the beam 16 or the shaped beam 22 so to 
prevent the electron beam from reaching the surface 12 dur 
ing a period after each shot when the lenses directing the 
beam 22 and the deflectors 42 are being re-adjusted for the 
Succeeding shot. Typically the blanking plates are positioned 
so as to deflect the electron beam 16 to prevent it from illu 
minating aperture 20. The blanking period may be a fixed 
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length of time, or it may vary depending, for example, on how 
much the deflector 42 must be re-adjusted for the position of 
the Succeeding shot. 
0024. In electron beam writer system 10, the substrate 34 

is mounted on a movable platform 32. The platform 32 allows 
substrate 34 to be repositioned so that patterns which are 
larger than the maximum deflection capability or field size of 
the charged particle beam 40 may be written to surface 12 in 
a series of subfields, where each subfield is within the capa 
bility of deflector 42 to deflect the beam 40. In one embodi 
ment the substrate 34 may be a reticle. In this embodiment, 
the reticle, after being exposed with the pattern, undergoes 
various manufacturing steps through which it becomes a 
lithographic mask or photomask. The mask may then be used 
in an optical lithography machine to project an image of the 
reticle pattern 28, generally reduced in size, onto a silicon 
wafer to produce an integrated circuit. More generally, the 
mask is used in another device or machine to transfer the 
pattern 28 on to a substrate (not illustrated). 
0025. Other types of charged particle beam writers include 
character projection and scanned multi-beam. Rather than 
using shots, in a scanned multi-beam writer the pattern is 
created by a plurality of charged particle beams which scan 
across a resist-coated surface. While the beams scan the 
resist-coated Surface, the Surface may remain stationary or 
may continuously slowly move. Many thousands of beams 
may be used so as to achieve a high writing speed. 
0026. The minimum size pattern that can be projected with 
reasonable accuracy onto a surface 12 is limited by a variety 
of short-range physical effects associated with the electron 
beam writer system 10 and with the surface 12, which nor 
mally comprises a resist coating on the Substrate 34. These 
effects include forward scattering, Coulomb effect, and resist 
diffusion. Beam blur, also called B is a term used to include 
all of these short-range effects. The most modern electron 
beam writer systems can achieve an effective beam blur 
radius or f3, in the range of 20 nm to 30 nm. Forward scattering 
may constitute one quarter to one half of the total beam blur. 
Modern electron beam writer systems contain numerous 
mechanisms to reduce each of the constituent pieces of beam 
blur to a minimum. Since some components of beam blur are 
a function of the calibration level of aparticle beam writer, the 
f, of two particle beam writers of the same design may differ. 
The diffusion characteristics of resists may also vary. Varia 
tion off, based on shot size or shot dose can be simulated and 
systemically accounted for. But there are other effects that 
cannot or are not accounted for, and they appear as random 
variation. 
0027. The shot dosage of a shaped beam charged particle 
beam writer Such as an electron beam writer system is a 
function of the intensity of the beam source 14 and the expo 
Sure time for each shot. Typically the beam intensity remains 
nominally fixed, and the exposure time is varied to obtain 
variable shot dosages. The exposure time may be varied to 
compensate for various long-range effects such as backscat 
ter, fogging, and loading effects in a process called proximity 
effect correction (PEC). Electron beam writer systems usu 
ally allow setting an overall dosage, called a base dosage, 
which affects all shots in an exposure pass. Some electron 
beam writer systems perform dosage compensation calcula 
tions within the electronbeam writer system itself, and do not 
allow the dosage of each shot to be assigned individually as 
part of the input shot list, the input shots therefore having 
unassigned shot dosages. In Such electron beam writer sys 
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tems all shots implicitly have the base dosage, before PEC. 
Other electron beam writer systems do allow explicit dosage 
assignment on a shot-by-shot basis. In electron beam writer 
systems that allow shot-by-shot dosage assignment, the num 
ber of available dosage levels may be 64 to 4096 or more, or 
there may be a relatively few available dosage levels, such as 
3 to 8 levels. 

0028 Conventionally, shots are designed so as to com 
pletely cover an input pattern with rectangular shots, while 
avoiding shot overlap wherever possible within an exposure 
pass. Also, all shots are designed to have a normal dosage, 
which is a dosage at which a relatively large rectangular shot, 
in the absence of long-range effects, will produce a pattern on 
the surface which is the same size as is the shot size. Some 
electron beam writer systems enforce this methodology by 
not allowing shots to overlap within an exposure pass. 
0029. In exposing, for example, a repeated pattern on a 
Surface using charged particle beam lithography, the size of 
each pattern instance, as measured on the final manufactured 
Surface, will be slightly different, due to manufacturing varia 
tions. The amount of the size variation is an essential manu 
facturing optimization criterion. In current mask masking, a 
root mean square (RMS) variation of no more than 1 nm (1 
sigma) in pattern size may be desired. More size variation 
translates to more variation in circuit performance, leading to 
higher design margins being required, making it increasingly 
difficult to design faster, lower-powerintegrated circuits. This 
variation is referred to as critical dimension (CD) variation. A 
low CD variation is desirable, and indicates that manufactur 
ing variations will produce relatively small size variations on 
the final manufactured surface. In the smaller scale, the 
effects of a high CD variation may be observed as line edge 
roughness (LER). LER is caused by each part of a line edge 
being slightly differently manufactured, leading to some 
waviness in a line that is intended to have a straight edge. CD 
variation is, among other things, inversely related to the slope 
of the dosage curve at the resist threshold, which is called 
edge slope. Therefore, edge slope, or dose margin, is a critical 
optimization factor for particle beam writing of Surfaces. In 
this disclosure, edge slope and dose margin are terms that are 
used interchangeably. 
0030. As described above, process variations can cause 
the width of a pattern on a photomask to vary from the 
intended or target width. The pattern width variation on the 
photomask will cause a pattern width variation on a wafer 
which has been exposed with the photomask using an optical 
lithographic process. The sensitivity of the wafer pattern 
width to variations in photomask pattern width is called mask 
edge error factor, or MEEF. In an optical lithography system 
using a 4x photomask, where the optical lithographic process 
projects a 4X reduced version of the photomask pattern onto 
the wafer, a MEEF of 1, for example means that for each 1 nm 
error in pattern width on a photomask, the pattern width on 
the wafer will change by 0.25 nm. A MEEF of 2 means that for 
a 1 nm error in photomask pattern width, the pattern width on 
the wafer will change by 0.5 nm. For the smallest integrated 
circuits processes, MEEF may be greater than 2, and for ideal 
ILT patterns MEEF may be 3.0 to 3.5 or higher. This relation 
ship can be expressed in equation form as 

MEEF (1) 
ACDmask ACDwafer = 
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where R is the reduction factor, typically 4 for integrated 
circuit fabrication. The usefulness of MEEF has rested on two 
assumptions: 
0.031 
tO errors 

0032 
0033 FIG. 2 illustrates examples of four example mask 
patterns formed by square VSB shots of different sizes, and a 
graph of the longitudinal dosage profile through the center 
line of each pattern. Pattern 208 is a square 200 nm shot, 
pattern 206 is a square 100 nm shot, pattern 204 is a square 80 
nm shot, and pattern 202 is a square 60 nm shot. Beam blur 
causes the corners of all shots to be rounded, sufficiently so 
that patterns formed with the smaller shots register on the 
resist as circles. The dosage profile graph 210 illustrates the 
longitudinal dosage profile through line 200. The vertical axis 
of dosage profile graph 210 is the fraction of normal dosage. 
Dosage profile graph 210 illustrates a resist threshold 212 of 
0.5 of normal dosage. The calculated edge slope of pattern 
208 at x-coordinates “g and “h” is 1.89% of normal dosage 
per nm. The calculated edge slope of pattern 206 at x-coor 
dinates 'e' and “f” is 1.85% of normal dosage per nm. The 
calculated edge slope of pattern 204 at x-coordinates “c” and 
“d' is 1.75% of normal dosage per nm. The calculated edge 
slope of pattern 202 at x-coordinates “a” and “b' is 1.49% of 
normal dosage per nm. The Smaller edge slope for the Smaller 
patterns 202 and 204 will cause a larger CD change in these 
patterns for a given change in dosage, compared to the larger 
patterns 206 and 208. 
0034. Therefore, the above equation (1) is no longer help 
ful in predicting the sensitivity of the wafer pattern to a 
change in dosage for patterns Smaller than about 100 nm. In 
equation form, the relationship between a change in dosage 
and the resulting mask CD change can be expressed as 

That different mask shapes have similar sensitivity 

Mask error can be approximated by a uniform bias 

ACDmask=DoseEdgeSlope-ADose (2) 

0035. Using equation (2) with charged particle beam 
simulation, with the only simulated effect being a forward 
scattering radius of 30 nm, the relationship between mask 
feature size and mask ACD can be derived. This is illustrated 
in FIG. 3. As can be seen, as the feature size of a mask pattern 
falls below 100 nm, the mask ACD goes up rapidly for a given 
dosage variation. 
0036 More generally, ADose may be caused either by a 
change in actual charged particle dosage received by the 
resist, or by a change in the dosage threshold at which the 
resist will register a pattern. In this disclosure, the terms 
“dosage change' and “resist exposure both refer to both of 
these phenomena. An increase in resist exposure may be 
produced either by an increase in actual charged particle 
dosage or by a lowering of the resist threshold. Similarly, a 
decrease in resist exposure may be produced either by a 
decrease inactual charged particle dosage or by an increase in 
the resist threshold. 

0037. Given that the conventional MEEF method will not 
accurately predict wafer CD sensitivity for a change in dose 
for shapes <100 nm, there is a need for alternate methods to 
determine wafer CD sensitivity to changes in resist exposure. 
In the current disclosure, the wafer CD sensitivity to resist 
exposure change is calculated in what can be viewed as a 
two-step process: 
0038 1. calculate the sensitivity of the mask CD to a 
change in resist exposure 
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0039 2. calculate the sensitivity of the wafer CD to a 
change in mask CD 
Step 1 may be accomplished using, for example, charged 
particle beam simulation to calculate a mask pattern for each 
of two dosages: a minimum resist exposure and a maximum 
resist exposure. Step 2 may be accomplished using, for 
example, lithography simulation, starting from the two mask 
patterns calculated in step 1. Alternatively, reticle patterns 
may be physically exposed at a lower-limit resist exposure 
and an upper-limit resist exposure, and the resulting mask 
used to print patterns on a Substrate using optical lithography, 
after which the CDs of the substrate patterns can be measured. 
The details of the two steps will be described below. 
0040. The calculation of step 1, called charged particle 
beam simulation above, and more commonly called E-beam 
simulation, may be more accurately described as a mask 
process simulation step. Charged particle beam simulation 
must take into account effects associated with the charged 
particle beam exposure process itself. Such as forward scat 
tering, backward Scattering, resist diffusion, resist charging, 
Coulomb effect and fogging, as well as non-exposure effects 
Such as develop, bake and etch efforts, including, for 
example, loading. Similarly, step 2 may be described as a 
wafer process simulation step, although it is more commonly 
called lithography simulation or litho simulation. 
0041. The conceptual flow diagram of FIG. 4 illustrates an 
exemplary method 400 for calculating wafer CD sensitivity to 
variation in resist exposure, when using a shaped beam 
charged particle beam writer. The primary input to the process 
is a shot list 402. Additional inputs are resist exposure infor 
mation 'A' 430, resist exposure information “B” 432, and 
wafer process information 416. Resist exposure information 
430 and 432 may comprise resist threshold information. In 
some embodiments, resist exposure information 430 and 432 
may also comprise charged particle beam dosage informa 
tion. In other embodiments, shot list 402 may contain the 
charged particle beam dosage information. In yet other 
embodiments, shot list 402 may contain charged particle 
beam dosage information, which is combined with base dos 
age information in resist exposure information 430 and 432 to 
determine an actual charged particle beam dosage. In step 408 
the shot list 402 is simulated using the resist exposure infor 
mation 'A' 430. Charged particle beam simulation is used for 
the simulation. Simulation step 408 creates simulated mask 
patterns 410. In step 412 lithography simulation is performed 
on simulated mask patterns 410 using wafer process informa 
tion 416 to create simulated wafer patterns 414. Similar steps 
are performed for the resist exposure information “B” 432. 
Charged particle beam simulation 418 is performed on shot 
list 402 using resist exposure information “B” 432. The 
charged particle beam simulation 418 creates simulated mask 
patterns 420. In step 422 lithography simulation is performed 
on simulated mask patterns 420, using wafer process infor 
mation 416, to create simulated wafer patterns 424. Finally, in 
step 426 simulated wafer patterns 414 are compared with 
simulated wafer patterns 424 to calculate the ACD 428 of the 
wafer patterns. The ACD 428 is the change in wafer CD with 
the change in dosage from resist exposure information 'A' 
430 to resist exposure information “B” 432. CD comparison 
step 426 may compare the wafer pattern CDS at many places 
in the wafer patterns. In some embodiments the ACD 428 may 
be divided by the difference between resist exposure infor 
mation 430 and resist exposure information 432, obtaining 
ACD per unit change in resist exposure. 
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0042. In other embodiments when using a scanned multi 
beam charged particle beam writer, the input to method 400 
will not be a shot list, but will instead be pattern exposure 
information for the multi-beam charged particle beam writer. 
0043. In another embodiment, the conceptual flow dia 
gram of FIG. 9 illustrates an exemplary method 900 for cal 
culating wafer dimensional sensitivity to changes in mask 
pattern dimension, when using a shaped beam charged par 
ticle beam writer. The primary input to the process is a shot 
list 902. Additional inputs are resist exposure information 
904, wafer process information 916, and mask bias value 908. 
Resist exposure information 904 may comprise resist thresh 
old information. In some embodiments, resist exposure infor 
mation 904 may also comprise charged particle beam dosage 
information. In other embodiments, shot list902 may contain 
the charged particle beam dosage information. In yet other 
embodiments, shot list 902 may contain charged particle 
beam dosage information, which is combined with base dos 
age information in resist exposure information 904 to deter 
mine an actual charged particle beam dosage. In step 906 the 
shot list 902 is simulated using the resist exposure informa 
tion 904. Charged particle beam simulation is used for the 
simulation. Simulation step 90.6 creates simulated mask pat 
terns 910. In step 912 lithography simulation is performed on 
simulated mask patterns 910 using wafer process information 
916 to create simulated wafer patterns 914. In step 918 a 
pattern edge dimensional bias, which is input as mask bias 
value 908, is applied to the simulated mask patterns 910 to 
create biased mask patterns 920. In step 922 lithography 
simulation is performed on the biased mask patterns 920 
using wafer process information 916 to create simulated 
wafer patterns 924. In step 926 simulated wafer patterns 914 
are compared with simulated wafer patterns 924 to calculate 
the ACD928 of the wafer patterns. The ACD928 is the 
change in wafer dimension with the change in mask dimen 
sion caused by dimensional bias step 918. CD comparison 
step 92.6 may compare the wafer pattern dimensions at many 
places in the wafer patterns. As explained above, the ACD 
may be significantly higher for wafer patterns exposed using 
mask patterns with feature sizes less than 100 nm, in mask 
dimensions. In step 930, the ACD928 is divided by the mask 
bias value to determine a calculated sensitivity 932. Calcu 
lated sensitivity 932 is the change in wafer pattern dimension 
per unit change in mask dimension. 
0044. In those areas of the simulated wafer pattern where 
wafer sensitivity with respect to mask writing dosage is found 
to be too high, as determined, for example, using method 400, 
a method is needed to reduce the wafer sensitivity in these 
problem areas. Since, in general, the larger-than-desired 
wafer pattern ACD is the result of a relatively large mask 
pattern ACD, the mask pattern sensitivity to a change in resist 
exposure must be lowered. Equation (2) above indicates that 
this can be accomplished by increasing the edge slope at the 
perimeter of a pattern or patterns in a problem area. One 
method of increasing edge slope is to increase the dosage of 
the entire exposed pattern, such as by increasing the dosage of 
all shots if using shaped beam charged particle beam lithog 
raphy. This method has the disadvantages of increasing write 
time, and also increasing backscattering, thereby lowering 
the edge slope of all patterns. It is therefore best to add dosage 
only where necessary. Such as around the perimeter of the 
problem shapes. However, FIG. 2 illustrates that using small 
or narrow shots around the perimeter of a shape will tend to 
increase the sensitivity of the shape’s CD to a change in resist 
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exposure. An alternative is therefore to generate overlapping 
shots to increase the dosage near the perimeter of the shape. 
0045 FIGS. 7A&B illustrate examples of two configura 
tions of VSB shots that may be used to form a circular pattern, 
such as may be generated by ILT OPC. FIG. 7A illustrates an 
example of a set of conventional non-overlapping shots 702. 
Set of shots 702 consists of 7 shots. Pattern 704 illustrates a 
pattern that set of shots 702 may form on a reticle or mask. In 
this example pattern 704 is less than 100 nm in diameter. 
Charged particle beam simulation shows that pattern 704 has 
areas of low edge slope 706 along portions of its perimeter. In 
these areas the perimeter of pattern 704 is too sensitive to 
changes in resist exposure. FIG. 7B illustrates an example of 
another set of shots 712 determined according to an embodi 
ment of the current disclosure. Set of shots 712 consists of 6 
overlapping shots. By allowing shot overlap within an expo 
Sure pass, set of shots 712 does not use numerous narrow 
shots as does set of shots 702. By avoiding the narrow shots 
which are more sensitive to resist exposure changes, set of 
shots 712 forms circular pattern 714 which does not have 
areas of low edge slope. 
0046. In those embodiments where sensitivity of the wafer 
pattern is calculated with respect to changes in the mask 
pattern, such as by using method 900, when areas of high 
calculated wafer pattern sensitivity are found that are, for 
example, higher than a predetermined threshold, then the 
pattern exposure information can be modified using, for 
example, techniques such as illustrated in FIGS. 7A & Band 
described above, to improve the edge slope of the reticle or 
mask in the areas where the wafer pattern is highly sensitive 
to mask dimensional changes. Increasing the edge slope on 
the reticle or mask will reduce the dimensional variation on 
the mask. Expressed differently, the increased edge slope on 
the mask will improve CD uniformity on the mask, which will 
improve the wafer pattern CD uniformity. 
0047 FIG.5 is a conceptual flow diagram 500 for forming 
patterns on Substrates Such as a silicon wafer using optical 
lithography, according to another embodiment of the current 
disclosure. In a first step 502, a physical design, such as a 
physical design of an integrated circuit, is created. This can 
include determining the logic gates, transistors, metal layers, 
and other items that are required to be found in a physical 
design Such as the physical design of an integrated circuit. 
Next, in a step 504, optical proximity correction (OPC) is 
done on the patterns in the physical design 502 or on a portion 
of the patterns in the physical design to create a mask design 
506. OPC alters the physical design to compensate for distor 
tions caused by effects such as optical diffraction and the 
optical interaction of features with proximate features. In 
some embodiments, OPC step 504 may comprise ILT. In step 
508, the mask design 506 is fractured into a set of charged 
particle beam shots for a shaped beam charged particle beam 
system to create shot list516. In some embodiments the shots 
will be VSB shots. In other embodiments the shots will be CP 
shots or a combination of VSB and CP shots. Shot list 516 
may comprise shots for a single exposure pass, or for multiple 
exposure passes. MDP shot generation step 508 may com 
prise calculating the sensitivity of dimensions for wafer pat 
terns with respect to variations in resist exposure, using the 
shots being generated, the sensitivity calculations being illus 
trated as step 512, where the wafer patterns are to be formed 
in step 526 below. In one embodiment the method illustrated 
in flow diagram 400 (FIG.4) may be used for step 512. MDP 
step 508 may comprise using model-based fracturing tech 
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niques. MDP step 508 may comprise generating a shot con 
figuration which produces higher dosage at the perimeter of 
one or more patterns than in the interior of the patterns. In 
Some embodiments, shots will be generated so as to produce 
a wafer pattern sensitivity to resist exposure variation that is 
below a pre-determined limit. In other embodiments, MDP 
step 508 may comprise calculating the sensitivity of dimen 
sions on the wafer patterns with respect to dimensional varia 
tion of mask patterns, the sensitivity calculations being illus 
trated as step 514. 
0048. The shot list 516 may be read by a proximity effect 
correction (PEC) refinement step 518, in which shot dosages 
are adjusted to account for backscatter, fogging, and loading 
effects, creating a final shot list with adjusted dosages 520. 
The final shot list with adjusted dosages 520 is used to gen 
erate a surface in a mask writing step 522, which uses a 
charged particle beam writer Such as an electron beam writer 
system. Depending on the type of charged particle beam 
writer being used, PEC refinement 518 may be performed by 
the charged particle beam writer. Mask writing step 522 may 
comprise a single exposure pass or multiple exposure passes. 
The electron beam writer system projects a beam of electrons 
through a stencil onto a Surface to form a mask image 524 
comprising patterns on the Surface. The completed Surface, 
Such as a reticle, may then be used in an optical lithography 
machine, which is shown in a step 526. Finally, in a step 528, 
an image on a Substrate Such as a silicon wafer is produced. 
0049 FIG. 6 is an exemplary conceptual flow diagram 600 
for forming a pattern on a substrate such as a wafer, starting 
from a previously-generated shot list, and performing mask 
process correction. Flow 600 begins with original shot list 
604, which may comprise shots for one exposure pass or for 
multiple exposures passes. In step 606 sensitivity of the wafer 
pattern dimensions to variation in the resist exposure used in 
mask writing is calculated. In one embodiment the method 
illustrated in conceptual flow diagram 400 (FIG. 4) may be 
used for step 606. In another embodiment, step 606 also uses 
as input information 602 about the areas in the design where 
a higher level of dimensional uniformity is required on the 
wafer. If step 606 determines that the mask pattern that would 
be generated by original shot list 604 would produce pattern 
areas of excessive sensitivity on the wafer, the shots are modi 
fied in step 610. In some embodiments the shot modification 
610 may comprise increasing dosage of shots which form the 
mask patterns which form areas of high sensitivity in the 
wafer pattern. In other embodiments shot modification 610 
may comprise increasing dosage only near the perimeter of 
the mask patterns which form areas of high sensitivity in the 
wafer pattern. Shot modification 610 may comprise generat 
ing shots which overlap within an exposure pass. Shot modi 
fication 610 creates a modified shot list 612. In some embodi 
ments, the wafer sensitivity using modified shot list 612 may 
be re-calculated in a second pass of step 606. If re-calculation 
is performed and sensitive parts of the wafer pattern are still 
found, additional shot modification may be performed in a 
second pass of step 610, creating a further-modified shot list 
612. 

0050. In a proximity effect correction (PEC) refinement 
step 614, shot dosages may be adjusted to account for back 
scatter, loading and fogging effects, creating a final shot list 
616. The final shot list 616 is used to generate a surface in a 
mask writing step 618, which uses a charged particle beam 
writer Such as an electron beam writer system. Depending on 
the type of charged particle beam writer being used, PEC 
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refinement 614 may be performed by the charged particle 
beam writer. Mask writing step 618 may comprise a single 
exposure pass or multiple exposure passes. The electron 
beam writer system projects a beam of electrons through a 
stencil onto a Surface to form a mask image 620 comprising 
patterns on the Surface. After further processing steps, the 
completed Surface may then be used in an optical lithography 
machine, which is shown in a step 622, to produce an image 
on a Substrate such as a silicon wafer 624. 

0051. In other embodiments, flow 600 may be modified so 
that in step 606, wafer pattern dimensional sensitivity to 
changes in mask pattern dimensions is calculated. As above, 
step 610 may comprise increasing dosage near the perimeter 
of the mask patterns which form areas of high sensitivity in 
the wafer pattern, and may also comprise generating shots 
which overlap within an exposure pass. 
0052. There are other factors besides resist exposure varia 
tion that may undesirably affect CD of mask patterns and of 
the Subsequently exposed wafer patterns. For example, varia 
tion in shot placement and variation in VSB shot size are other 
factors that can negatively affect CD. Monte Carlo simula 
tions can be done in which random positional, size and dosage 
errors are introduced to individual shots, so as to determine 
the effects of the combined variations. These simulations 
indicate that the embodiments set forth hereinto generate and 
modify shot lists to produce wafer patterns which have a 
dimensional sensitivity below a pre-determined limit do, in 
fact, produce similar dimensional sensitivities even when 
variations of shot position and shot size are included in the 
simulations. 

0053. The calculations described or referred to in this dis 
closure may be accomplished in various ways. Generally, 
calculations may be accomplished by in-process, pre-process 
or post-process methods. In-process calculation involves per 
forming a calculation at the time when its results are needed. 
Pre-process calculation involves pre-calculating and then 
storing results for later retrieval during a Subsequent process 
ing step, and may improve processing performance, particu 
larly for calculations that may be repeated many times. Cal 
culations may also be deferred from a processing step and 
then done in a later post-processing step. An example of 
pre-process calculation is pre-calculating a shot configuration 
that will produce a minimum mask or wafer CD variation for 
a given situation, and storing information about this shot 
configuration in a table. Another example of pre-process cal 
culation is a shot group, which is a pre-calculation of dosage 
pattern information for one or more shots associated with a 
given input pattern or set of input pattern characteristics. The 
shot group and the associated input pattern may be saved in a 
library of pre-calculated shot groups, so that the set of shots 
comprising the shot group can be quickly generated for addi 
tional instances of the input pattern, without pattern re-cal 
culation. In some embodiments, the pre-calculation may 
comprise simulation of the dosage pattern that the shot group 
will produce on a reticle. In other embodiments, the shot 
group may be determined without simulation, such as by 
using correct-by-construction techniques. In other embodi 
ments the pre-calculation may comprise calculation of wafer 
or mask dimensions to variation in resist exposure. In some 
embodiments, the pre-calculated shotgroups may be stored in 
the shot group library in the form of a list of shots. In other 
embodiments, the pre-calculated shotgroups may be stored in 
the form of computer code that can generate shots for a 
specific type or types of input patterns. In yet other embodi 
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ments, a plurality of pre-calculated shot groups may be stored 
in the form of a table, where entries in the table correspond to 
various input patterns or input pattern characteristics such as 
pattern width, and where each table entry provides eitheralist 
of shots in the shot group, or information for how to generate 
the appropriate set of shots. Additionally, different shot 
groups may be stored in different forms in the shot group 
library. In some embodiments, the dosage pattern which a 
given shot group can produce may also be stored in the shot 
group library. In one embodiment, the dosage pattern may be 
stored as a two-dimensional (X and Y) dosage map called a 
glyph. 
0054 The fracturing, mask data preparation, shot list 
modification and pattern formation flows described in this 
disclosure may be implemented using general-purpose com 
puters with appropriate computer software as computation 
devices. Due to the large amount of calculations required, 
multiple computers or processor cores may also be used in 
parallel. In one embodiment, the computations may be Sub 
divided into a plurality of 2-dimensional geometric regions 
for one or more computation-intensive steps in the flow, to 
Support parallel processing. In another embodiment, a spe 
cial-purpose hardware device, either used singly or in mul 
tiples, may be used to perform the computations of one or 
more steps with greater speed than using general-purpose 
computers or processor cores. In one embodiment, the spe 
cial-purpose hardware device may be a graphics processing 
unit (GPU). In another embodiment, the optimization and 
simulation processes described in this disclosure may include 
iterative processes of revising and recalculating possible 
Solutions, so as to minimize either the total number of shots, 
or the total charged particle beam writing time, or some other 
parameter. In yet another embodiment, an initial set of shots 
may be determined in a correct-by-construction method, so 
that no shot modifications are required. 
0055 FIG. 8 illustrates an example of a computing hard 
ware device 800 that may be used to perform the calculations 
described in this disclosure. Computing hardware device 800 
comprises a central processing unit (CPU) 802, with attached 
main memory 804. The CPU may comprise, for example, 
eight processing cores, thereby enhancing performance of 
any parts of the computer Software that are multi-threaded. 
The size of main memory 804 may be, for example, 64 
G-bytes. The CPU 802 is connected to a Peripheral Compo 
nent Interconnect Express (PCIe) bus 820. A graphics pro 
cessing unit (GPU) 814 is also connected to the PCIe bus. In 
computing hardware device 800 the GPU 814 may not, 
despite its name, be connected to a graphics output device. 
Rather, GPU 814 may be used purely as a high-speed parallel 
computation engine. The computing software may, with the 
use of appropriate GPU interface software, obtain signifi 
cantly-higher performance by using the GPU for a portion of 
the calculations, compared to using CPU 802 for all the 
calculations. The CPU 802 communicates with the GPU 814 
via PCIe bus 820. In other embodiments (not illustrated) GPU 
814 may be integrated with CPU 802, rather than being con 
nected to the PCIe bus. Disk controller 808 is also attached to 
the PCIe bus, with, for example, two disks 810 connected to 
disk controller 808. Finally, a local area network (LAN) con 
troller 812 is attached to the PCIe bus, and provides Gigabit 
Ethernet (GbE) connectivity to other computers. In some 
embodiments, the computer Software and/or the design data 
are stored on disks 810. In other embodiments, either the 
computer programs or the design data or both the computer 
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programs and the design data may be accessed from other 
computers or file serving hardware using the GbE Ethernet. 
0056 While the specification has been described in detail 
with respect to specific embodiments, it will be appreciated 
that those skilled in the art, upon attaining an understanding 
of the foregoing, may readily conceive of alterations to, varia 
tions of, and equivalents to these embodiments. These and 
other modifications and variations to the present methods for 
fracturing, mask data preparation, shot list modification and 
optical proximity correction may be practiced by those of 
ordinary skill in the art, without departing from the spirit and 
Scope of the present Subject matter, which is more particularly 
set forth in the appended claims. Furthermore, those of ordi 
nary skill in the art will appreciate that the foregoing descrip 
tion is by way of example only, and is not intended to be 
limiting. Steps can be added to, taken from or modified from 
the steps in this specification without deviating from the 
Scope of the invention. In general, any flowcharts presented 
are only intended to indicate one possible sequence of basic 
operations to achieve a function, and many variations are 
possible. Thus, it is intended that the present subject matter 
covers such modifications and variations as come within the 
Scope of the appended claims and their equivalents. 

1. A method for fracturing or mask data preparation com 
prising: 

determining pattern exposure information that is capable 
of forming a reticle pattern on a resist-coated reticle with 
a charged particle beam writer, 

wherein the reticle is to be used to form a wafer pattern on 
a Substrate using optical lithography, and 

wherein the determining comprises calculating a sensitiv 
ity of the wafer pattern to changes in the reticle pattern, 
and wherein the determining is performed using a com 
puting hardware device. 

2. The method of claim 1 wherein the charged particle 
beam writer is a shaped beam charged particle beam writer, 
and wherein the pattern exposure information comprises a 
plurality of shots for the shaped beam charged particle beam 
writer. 

3. The method of claim 2 wherein the shot dosage of each 
shot in the plurality of shots is unspecified before proximity 
effect correction (PEC) is done. 

4. The method of claim 1 wherein the charged particle 
beam writer is a multi-beam charged particle beam system, 
and wherein the pattern exposure information comprises 
exposure instructions for the multi-beam charged particle 
beam exposure system. 

5. The method of claim 1 wherein the determining further 
comprises calculating a calculated reticle pattern from the 
pattern exposure information, and wherein the sensitivity of 
the wafer pattern is calculated with respect to changes in the 
calculated reticle pattern. 

6. The method of claim 5 wherein calculating the calcu 
lated reticle pattern comprises charged particle beam simula 
tion. 

7. The method of claim 6 wherein the charged particle 
beam simulation includes at least one of a group consisting of 
forward Scattering, backward Scattering, resist diffusion, 
Coulomb effect, etching, fogging, loading and resist charg 
ing. 

8. The method of claim 1 wherein calculating the sensitiv 
ity of the wafer pattern comprises calculating a change in 
dimension of a feature on the wafer pattern for a given change 
in dimension of a feature on the reticle pattern. 
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9. The method of claim 8 wherein calculating the sensitiv 
ity of the wafer pattern to a given change in dimension of a 
feature on the reticle pattern comprises lithography simula 
tion. 

10. The method of claim 1 wherein the determining com 
prises providing a higher-than-normal dosage to the reticle 
near the perimeter of the reticle pattern in areas of the pattern 
where the calculated sensitivity is higher than a predeter 
mined threshold. 

11. The method of claim 10 wherein the predetermined 
threshold is between 3.0-3.5. 

12. The method of claim 10 wherein the pattern exposure 
information comprises a plurality of shots for a shaped beam 
charged particle beam writer, and wherein the higher-than 
normal reticle dosage is provided using overlapping shots. 

13. A method for mask process correction (MPC) or form 
ing a reticle pattern on a resist-coated reticle, the method 
comprising: 

inputting pattern exposure information for a charged par 
ticle beam writer, wherein the pattern exposure informa 
tion is capable of forming the reticle pattern on the 
reticle to be used to form a wafer pattern on a substrate 
using optical lithography; 

inputting resist exposure information for the reticle: 
calculating a calculated pattern on the reticle using the 

pattern exposure information and the resist exposure 
information; 

calculating a sensitivity of the wafer pattern to changes in 
the calculated reticle pattern, wherein the calculating is 
performed using a computing hardware device; and 

modifying the pattern exposure information to increase the 
edge slope of the calculated pattern on the reticle in areas 
where the wafer pattern sensitivity is higher than a pre 
determined threshold. 

14. The method of claim 13 wherein the charged particle 
beam writer is a shaped beam charged particle beam writer, 
and wherein the charged particle beam exposure information 
comprises a plurality of shots for the shaped beam charged 
particle beam writer. 

15. The method of claim 14 wherein the modifying com 
prises generating a shot which overlaps another shot in the 
plurality of shots. 

16. The method of claim 13 wherein the charged particle 
beam writer is a multi-beam charged particle beam system, 
and wherein the charged particle beam exposure information 
comprises exposure instructions for the multi-beam charged 
particle beam exposure system. 

17. The method of claim 13, further comprising forming 
the reticle pattern on the reticle with the modified pattern 
exposure information and the charged particle beam writer. 

18. The method of claim 13 wherein the modifying com 
prises increasing dosage delivered to the reticle near the 
perimeter of the reticle pattern. 

19. The method of claim 13 wherein the calculating the 
calculated pattern on the reticle comprises charged particle 
beam simulation. 

20. A system for mask process correction, the system com 
prising: 

a device configured to input pattern exposure information 
for a charged particle beam writer, wherein the pattern 
exposure information is capable of forming a reticle 
pattern on a reticle to be used to form a wafer pattern on 
a Substrate using optical lithography; 

a device configured to input resist exposure information; 
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a device configured to calculate a calculated reticle pattern 
from the pattern exposure information and the resist 
exposure information; 

a device configured to calculate a sensitivity of the wafer 
pattern to changes in the calculated reticle pattern; and 

a device configured to modify the pattern exposure infor 
mation in areas of the pattern where the calculated sen 
sitivity is higher than a predetermined threshold. 

21. The system of claim 20 wherein the device configured 
to modify increases dosage delivered to the reticle near the 
perimeter of the reticle pattern. 

22. The system of claim 20 wherein the device configured 
to calculate a calculated reticle pattern performs charged 
particle beam simulation. 

23. The system of claim 20 wherein the charged particle 
beam writer is a shaped beam charged particle beam writer, 
and wherein the charged particle beam exposure information 
comprises a plurality of shots for the shaped beam charged 
particle beam writer. 

24. The system of claim 23 wherein the device configured 
to modify generates a shot which overlaps another shot in the 
plurality of shots. 

25. The method of claim 1 wherein the calculating com 
prises calculating the sensitivity of the wafer pattern width to 
a width change in the reticle pattern, wherein the sensitivity is 
called the mask edge error factor (MEEF). 

k k k k k 
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